Renal medullary circulation: Hormonal control  by Chou, Shyan Yih et al.
Kidney International, Vol. 37 (1990), pp. 1—13
EDITORIAL REVIEW
Renal medullary circulation: Hormonal control
It has long been proposed that the urinary concentration
process is linked to renal medullary blood flow [1, 2]. The
inverse relationship between medullary blood flow and solute
accumulation in the renal medulla has even been mathemati-
cally articulated [3—6]. However, the theoretical connection
between the medullary circulation and the urinary concentrat-
ing mechanism could not be adequately tested because of
technical constraints in accurately measuring medullary blood
flow until recent years when several methods, either modified
from previously existing techniques or newly developed, have
been extensively employed to examine plasma or blood flow in
the inner medulla or papilla under physiological or pathophys-
iological conditions. In addition, the detailed and exhaustive
morphological studies of medullary vessels and their architec-
tural organization have provided insights into the functional
significance of the medullary vasculature [7—11]. As a result, a
substantial amount of information on the medullary circulation
is now available, including the participation of several endoge-
nous hormones in the regulation of papillary blood flow. Fi-
nally, new technical developments in isolating renal microves-
sels have begun to shed light on functional heterogeneity of
these vessels, which may further enhance our understanding of
the complex interactions among various hormones in the con-
trol of the medullary circulation.
Structure of the medullary vasculature
Architectural arrangement
In the subcapsular cortical nephron, the efferent arteriole is
intimately associated with the proximal convoluted tubule of
the same glomerulus so that a large portion of the ultrafiltrate is
returned to the peritubular capillaries arising from the efferent
arteriole. In sharp contrast, the postglomerular efferent arteri-
oles of the mid- and inner cortical nephrons do not necessarily
perfuse their own tubules. In 1957 Bialestock [12], in the
process of microdissecting midcortical tubules, observed that
"the capillaries arising from any one efferent arteriole did not,
as a rule, supply the tubule of the parent glomerulus". The
complete dissociation of vascular and tubular structures of the
deeper cortical nephrons was later confirmed by Beeuwkes and
Bonventre [9] in their elaborate work on the dog kidney. In the
case of juxtamedullary nephrons, the proximal convoluted
tubule extends above the glomerulus of origin and is perfused
by efferent vessels of glomeruli located in the inner part of the
midcortex. The complexity of the medullary vasculature is
further increased in that the medullary postglomerular circula-
tion by no means possess a single homogeneous pattern. In 1956
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Edwards [13] and Smith [14] reported two distinct groups of
glomeruli making up the juxtamedullary nephrons, each char-
acterized by unique efferent arterioles. The efferent arterioles of
one group are provided with a thin wall and divide immediately
into a capillary network. These "endothelial-type" efferents
appear to perfuse the loops of Henle and collecting tubules of
the outer medulla [7]. The efferent arterioles of the other group
of glomeruli are straight, much lengthier and are provided with
such prominent layers of smooth muscle cells as to be endowed
with the term "sphincters" [15]. In addition, the diameter of
these efferent arterioles are larger than their afferent counter-
parts [16, 17]. In the dog kidney the luminal diameter of the
efferent arteriole averages 11.5 jm as compared with 10.9 m
for that of the afferent arteriole [16].
The spatial organization of the walls of afferent and efferent
arterioles has recently been examined by scanning electron
microscopy after microdissection-digestion as per Evan et al
118, 19]. Gattone, Luft and Evan [20] reported that in the rabbit
kidney, the smooth muscle cells of the afferent arteriole possess
a sonal bulge and two elongated processes which wrap around
the endothelial wall twice like ringlets, alternating in a clock-
wise and counterclockwise direction of hooping. This spiral
direction and completeness of the wrapping underscore the
functional significance of the afferent arteriole serving as the
major resistance vessel of the renal microcirculation. In con-
trast, the smooth muscle cells of the efferent arterioles that form
vasa recta are irregular in shape and, at the glomerular pole,
often overlay one another to form incomplete multiple layers.
Beyond the glomerular pole the smooth muscle cells are juxta-
posed to one another, but not as intimately as their afferent
counterparts so that some areas of endothelium are without a
muscular layer, a structural setup consistent with the fact that
they bear a much lower hydraulic pressure than that of the
afferent arteriole.
Coursing through the outer medulla the efferent arterioles
branch at various distances into dense bundles of vasa recta,
and at the junction of the outer and inner medulla form a
labyrinthine capillary network, after which they join the pen-
tubular plexus. A three dimensional view of the medullary
vasculature has recently been obtained with scanning electron
microscopy of the microvessels casted with resin. Yamamoto,
Wilson and Reuben [21] observed that in the rat a rich capillary
network ramifies from efferent arterioles and vasa recta bundles
in the entire outer medulla. These findings challenge the earlier
observations obtained with silicon rubber and light microscopy
showing a relatively sparse capillary network in this region, and
suggest that the tubular structures in the outer medulla receive
blood from this capillary plexus.
The blood supply of the inner medulla (or papilla) is derived
primarily from the central vessels of the vasa recta bundles. The
number of these descending vasa recta (DVR) varies widely,
ranging from 5 to 20 from each bundle [8]. After leaving the
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bundle, they run straight into the papillary tip where another
capillary plexus forms around the terminal collecting system
and ducts of Bellini. From this plexus the venous capillaries
emerge and become ascending vasa recta (AVR), running in
countercurrent juxtaposition to the DVR. Schematic presenta-
tions for the rat kidney have shown short pathways communi-
cating descending and ascending vasa recta along the entire
length of inner medulla [221. Such connections are, however,
rarely observed in the dog kidney [7, 8]. In fact, Beeuwkes
remarked that "the vascular network supplied and drained by
these vessels is almost completely localized to the papilla tip, so
that blood committed to the inner medulla must always take the
longest path" [8].
Ultrastructure of medullary vasculature
Studies examining the ultrastructure of medullary vessels
have offered additional information providing a basis for under-
standing how medullary blood flow is regulated by various
vasoactive hormones. Contractile myofilaments and dense bod-
ies are found in abundance in the smooth muscle cells of the
afferent arteriole [20]. The endothelial cells lining the lumen of
the afferent arteriole are flat and fusiform-shaped. The wall of
the efferent arteriole of the juxtamedullary iiephron is provided
with more smooth muscle cells than that of the superficial
cortical nephron [7, 8, 15, 23]. The lumen is lined by numerous
endothelial cells which are arranged longitudinally, abutting on
each other with shallow intercellular junctions [23—26]. These
round endothelial cells protrude into the lumen [20, 23, 25, 26],
the hemodynamic significance of which is not known. How-
ever, in other small resistant vessels, such as mesenteric
arterioles, the projection of the endothelial cells into the lumen
has been deemed important in retarding blood flow, particularly
during vasoconstriction [27]. The proximal portions of the DVR
are also enveloped by smooth muscle cells, and exhibit a
prominent basement membrane and a thick continuous endo-
thelium containing many micropinocytotic vesicles. More dis-
tally these vessels are encircled by pericytes, which replace
smooth muscle cells, possess myofilaments and are capable of
contractile function [10, 23, 26, 28]. The AVR have a structure
similar to ordinary capillaries, exhibiting a thin, attenuated
endothelium with numerous fenestrae bridged by fenestral
diaphragms. The differences in the wall structure between
descending and ascending vasa recta suggest that AVR may be
more permeable to macromolecules than DVR [25, 29, 30].
Circulation in the papilla is unique in that in the same region
blood circulates twice. The DVR function as supply vessels,
whereas the AVR serve as passive conduits. Since the papilla is
devoid of lymphatic channels [31], the fluid reabsorbed from the
descending limb of Henle's loop and collecting duct must return
to the AVR. Hence, the blood flow in the AVR surpasses the
flow in the DVR by the amount of fluid reabsorbed from the
medullary tubular structures [32, 33]. Using two independent
methods, videomicroscopy and the micropuncture technique,
Zimmerhackl, Robertson and Jamison [34] estimated that total
plasma flow in AVR exceeded that in DYR by 29% and
functioning AVR outnumbered functioning DVR by a ratio of
2.1 to 2.4:1 in antidiuretic rats. Holliger eta! [35]have estimated
that AVR outnumber DVR by a ratio of 4:1, and the luminal
diameter is larger by 30% in young MUnich-Wistar rats.
Since the entire blood supply to the papilla is by way of the
central vessels of the vasa recta bundle, the smooth muscle
cells of the juxtamedullary pre- and postglomerular arterioles
and the pericytes surrounding the vasa recta probably play a
prominent role in the regional regulation of blood flow [36].
Methods of measuring the inner medullary circulation
Anatomical considerations would predict a low velocity of
blood flow in the vasa recta, particularly the papillary DVR and
AVR. First, as an efferent arteriole breaks up into a dense vasa
recta bundle, the total cross-sectional area for perfusion is
greatly expanded. Second, because the proximal tubule and
efferent vascular network of the same glomerulus are totally
dissociated in the juxtamedullary zone [9], the efferent vessels
do not regain any of the filtrate since the proximal tubular
reabsorbate is not returned to them. Third, the efferent arteri-
oles emerging from some 20 to 40% ofjuxtamedullary glomeruli
divide immediately into a convoluted capillary plexus and do
not perfuse the inner medulla [7]. Fourth, the sheaths of smooth
muscle cells surrounding the medullary efferent arterioles may
prevent fluid uptake by these vessels. Finally, only a selected
number of vasa recta emerge from the bundles to perfuse the
inner medulla. As the vasa recta descend into the papillary tip,
water is extracted from the vessels due to the axial increase in
the interstitial osmolality [32, 33], further reducing the velocity
of blood flow. The relatively low erythrocyte velocity in this
region appears to be conducive to the direct measurement of
vasa recta blood flow by the videomicroscopic technique [37—
39].
The vessels in the outer medulla are arranged in a highly
complex fashion, complicated further by the presence of two
families of glomeruli with distinct postglomerular perfusion
patterns. As a result, there is as yet no satisfactory method
available to determine and investigate the regulation of blood
flow in the outer medulla. Most of the methods are used to
measure the flow in the inner medulla or distal portion of the
papilla. The principles, advantages and limitations of these
methods have been extensively reviewed [40]. In this editorial
only those methods that have yielded substantial data regarding
the regulation of papillary blood flow under physiological or
pathophysiological conditions will be considered.
Radioactive albumin accumulation method
Originally introduced in 1962 by Lilienfield, Maganzini and
Bauer [41], this method had been largely neglected until Ganguli
and Tobian [42] and Chuang et al [431 modified the technique in
1974 and 1978, respectively. Since then it has been widely used
to study the regulation of papillary plasma flow (PPF). Lilien-
field et al [411 reasoned that if radioactive albumin is accumu-
lated in the papilla at a constant rate, the plasma inflow to the
papilla could be estimated with a reference blood sample
obtained from the aorta. Indeed, the volume of radiolabeled
albumin distributed in the papillary tissue has been repeatedly
found to be constant when measured between 10 to 45 seconds
after the arrival of the tracer at the kidney [41—45]. This method
has the appeal of being simple and is applied to an undisturbed,
intact kidney. Recently, methods of directly determining papil-
lary blood flow with video recording have been developed [46].
The values obtained for papillary blood flow in young rats were
found to be five- to tenfold greater than those reported by the
investigators using the Lilienfield technique, and therefore
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several concerns regarding the validity of the albumin accumu-
lation method have been raised. First, it has been suggested that
the tracer may not reach the papilla because of short pathways
between the DVR and AVR, resulting in reduced accumulation
of the radioactive label and underestimating the flow. Although
this is a potential problem in the rat kidney, as emphasized
above, such shortcuts generally do not exist in the dog kidney.
Second, the observation of a large extravascular albumin pool
in the renal medulla [47, 48] poses the concern that albumin may
leak out of vasa recta. Indeed, fluorescein-labeled albumin,
after being injected intravenously, has been visualized in the
medullary interstitium [49]. Using electron microscopy to trace
protein markers in the renal medulla, Moffat [50] has concluded
that the protein leaks mainly through AVR possessing a fenes-
trated endothelium and not through DVR, which have a thick,
continuous endothelium. Insofar as the measurement of PPF is
obtained during albumin transit in DVR (usually within 30
seconds after intravenous injection), the concern with albumin
leakage can be minimized. In support of this notion, Vogel and
Ulbrich [51], in their analysis of radioactive albumin accumu-
lation in the kidney, observed that for at least 90 seconds the
intravenously injected albumin remained in the vascular com-
partment. Third, the Lilienfleld method assumes that the radio-
labeled albumin concentration in the medulla is the same as that
in the systemic plasma. It has been suggested that the radioac-
tive label in the papillary plasma is substantially diluted as
compared with that of the arterial plasma, and the actual inflow
to the papilla is consequently underestimated [461. The unique
anatomical and functional relationships in the medulla, how-
ever, argue for the opposite, since loss of water may take place
at a few sites along the course of the efferent arteriole from the
juxtamedullary glomerulus to the DVR as it descends to the
papillary tip. In fact, in the exposed papilla of the rat, direct
measurement of protein concentration in DVR at the papillary
tip averaged 6.4 g/dl, compared to a protein concentration of 3.9
gldl in the femoral arterial plasma, indicating water loss from
the inflowing medullary blood [33]. Despite these individual
potential problems, it is of interest to note that papillary blood
flow measured by the albumin accumulation method in the rat
agrees closely with the values obtained by direct measurement
with the laser-Doppler flowmeter technique [52].
Fluorescence videomicroscopy
The method of recording erythrocyte movement in capillaries
by a video camera was originally introduced by Intaglietta,
Silverman and Tompkins [53]. This method was adapted by
Gussis, Robertson and Jamison [37] to determine the erythro-
cyte velocity in the renal papilla. Subsequent modifications of
this method have made it possible to measure the blood flow
rate of individual DVR and AVR in the same animal [46]. For
measurement of vasa recta flow the ureter of a young MUnich-
Wistar rat is severed and the exposed papilla (approximately 2
mm of the papillary tip) is viewed by microscopy, aided by
illumination. To identify and measure the diameter of papillary
vasa recta, y-globulin is labeled with fluorescein isothiocyanate.
Mean vasa recta blood flow is calculated from erythrocyte
velocity and the capillary diameter, corrected for the Fahraeus
effect [54]. The correction is made to adjust for a unique
behavior of blood moving in capillaries. Red blood cells are, for
the most part, restricted to the center of the capillary where
plasma flows at a greater velocity than at the periphery where
flow is retarded by friction with the capillary wall. A calibration
factor is then derived from in vitro perfusion of quartz capillar-
ies. DVR blood flow has been reported to be 8.8 to 13.8 nI/mm,
and AVR flow 4.8 to 6.2 nllmin [46]. Total papillary blood flow
is estimated by multiplying single vessel blood flow by the total
number of DVR and AVR observed in histological sections of
the papilla. During antidiuresis the total DVR blood flow was
5.2 p11mm (2.9 ml/min/g) and AVR 11.3 p11mm (6.3 ml/min/g).
The values of total papillary blood flow obtained by this method
assume that the number of perfused vasa recta in vivo is the
same as that of vessels identified in the histological sections of
the papilla. It is also assumed that the erythrocyte velocities
and capillary diameters observed for the surface capillaries are
representative of all the capillaries in the papilla. It should be
noted that ureteral excision leads to a decrease in papillary
interstitial osmolality and urine concentrating ability [43, 55—
58], as well as an increase in PPF [43]. Schmidt-Nielsen and
Graves [59] observed that the normal peristaltic contraction and
relaxation of the renal pelvic wall coincide with the cycle of
blood emptying and refilling in vasa recta in the papillary tip. It
is not known, however, whether either ureteral excision or the
absence of pelvic peristalsis exert significant confounding ef-
fects on the measurement of vasa recta blood flow in an
exposed papilla.
Laser-Doppler flowmeter
The prototype of this technique was first reported by Stern et
al [60] who used laser-Doppler spectroscopy (LDS) to observe
the autoregulatory range of papillary blood flow in young
MUnich-Wistar rats. The laser-Doppler flow signal was found to
decline linearly as mean aortic pressure was decreased below
105 mm Hg. The LDS method could only monitor changes of
flow signals from the control value because practical means of
calibration was not available. Roman and Smits [61] have
recently developed laser-Doppler flowmetry to measure papil-
lary blood flow in young and adult Sprague-Dawley rats. This
technique requires creation of a "papillary window" (by re-
moval of a small amount of cortical tissue overlying the papilla)
or excision of the ureter so that papillary capillaries are acces-
sible to direct scanning by the laser-Doppler flowmeter. For
calibration the flowmeter signals are correlated with the papil-
lary flow determined by the 51Cr-labeled erythrocyte accumu-
lation method. Since the Lilienfield technique was used for
calibration, the laser-Doppler flowmeter measures only the
papillary blood inflow as does the albumin accumulation
method. In this study the authors reported that in young rats
papillary blood flow averaged 18 mllmin/100 g, significantly
lower than 31 ml/minIlOO g measured in adult rats [61], provid-
ing evidence for age-related changes in papillary blood flow.
Hormonal control of papillary blood flow
The technical restrictions of each method reviewed for mea-
suring papillary blood flow remain substantial and are summa-
rized in Table 1. The true values of papillary blood flow are
therefore uncertain even within the same animal species. De-
spite these limitations, regulation of papillary blood flow has
intensively been investigated in the past decade by the use of
these techniques. As a result, a significant body of information
is now available to offer some insights into hormonal control of
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Table 1. Comparison of the methods used to measure
plasma or blood flow
papillary
Radioactive
tracer Fluorescence
accumu- videomi-
Laser-
Doppler
Method lation croscopy flowmeter
Advantages
Technically simple Yes No No
Noninvasivea Yes No No
Applicable to a Yes No Nob
variety of animal
species
Capable of repeat No Yes Yes
measurement in
the same animal
Simultaneous No (limited Yes No
measurement of to DVR) (limited
DVR and AVR in to DVR)
the same animal
Direct measurement No Yes No
of erythrocyte
velocity in vasa
recta
Disadvantages
Exposure of the No Yese Yes"
papilla required
Measurement limited No Yes No
to distal portions
of the papilla
Limited to young No Yes No
rats
Abbreviations are: DVR, descending vasa recta; AVR, ascending
vasa recta.
a Carried out in an intact kidney
b Has been used in different rat strains but not in different species
C Excision of the ureter required to expose the papillad Either removal of the ureter or creation of a "papillary window"
required to expose the papilla
the papillary circulation. Furthermore, the advent of the newly-
developed techniques of isolating microvessels are timely to
assist our understanding of regional regulation of circulatory
function by endogenous hormones.
The renal nerves
Anatomical studies with the use of tritiated norepinephrine
uptake followed by autoradiography have portrayed dense
adrenergic innervation of the afferent and efferent arterioles in
the rat kidney [62]. In the dog kidney, the highest tissue
norepinephrine content was found in the juxtamedullary cortex
and outer medulla as compared with other renal regions,
averaging 0.42 and 0.39 gIg, respectively [631. In addition,
adrenergic nerve fibers were clearly observed traveling with
vasa recta through the outer medulla and, as they approach the
inner medulla, decrease in number [63]. Ultrastructural exam-
ination of the rabbit kidney have also demonstrated adrenergic
nerve terminals innervating the smooth muscle cells that sur-
round vasa recta [24]. Contrasting with the abundant morpho-
logical studies providing evidence for rich adrenergic innerva-
tion of the medullary vasculature, there have been few studies
addressing whether renal nerve activity regulates medullary
circulation. In a study using the Rb uptake method, inner
medullary blood flow was significantly increased with renal
denervation, and sharply reduced with low-frequency renal
nerve stimulation (2 Hz), with the flow linearly decreasing as
the level of nerve stimulation reached 10 Hz [64].
Acetyicholine
The distribution of cholinergic nerves in the kidney has not
been extensively examined. In one study in which the fluores-
cence histochemical method was used to localize cholinergic
nerves in the canine kidney, acetyicholinesterase-containing
nerve fibers were found traveling with the interlobar, arcuate,
interlobular arteries, and afferent arterioles [65]. Acetyicho-
linesterase-containing nerves were also observed accompany-
ing the vasa recta of the outer medulla, suggesting that the
regulation of medullary blood flow may be under cholinergic
influence. In another study, intrarenal infusion of acetylcholine
increased renal blood flow and also markedly increased PPF
and caused a natriuresis [66]. It is not known how acetylcholine
mediates papillary vasodilation, but inhibition of renal prosta-
glandin synthesis was reported to abolish the natriuresis as well
as the increase in PPF induced by acetylcholine, suggesting a
role of prostaglandin in these effects [67]; however, other
factors should also be considered. In view of the presence of a
thick, continuous endothelium in the descending vasa recta [20,
23, 25, 26], it is tempting to speculate that acetylcholine may
exert its vasodilator effect in the papilla by stimulating the
release of endothelium-derived relaxing factor(s), as in arteries
or arterioles [68, 69].
The kallikrein-kinin system
There is substantial evidence that kallikrein, a serine protease
that generates kinins, is synthesized by the kidney [70]. Since
kallikrein in the interstitial and vascular compartments of the
kidney could release kinins from circulating plasma kininogen,
the kallikrein-kinin system may regulate renal blood flow dis-
tribution [711. An early microsphere study reported that inhibi-
tion of peptidase activity (to raise the concentration of endog-
enous kinins) increases renal blood flow distribution to the inner
cortex of dogs [72]. It was subsequently shown that intrarenal
infusion of bradykinin led to a large increase in PPF, measured
with the albumin accumulation method [66]. The role of endog-
enous intrarenally formed kinins in the regulation of papillary
blood flow was recently examined in rats [73]. To inhibit
degradation of kinins and enhance urinary kallikrein activity,
phosphoramidon (an inhibitor of endopeptidase), enalaprilat (an
inhibitor of kininase II) and sodium bicarbonate (to alkalize the
urine) were jointly or separately infused intravenously. After
peptidase inhibition, papillary blood flow (measured with a
laser-Doppler flowmeter) was markedly increased and restored
to the control levels after infusion of a kinin antagonist.
Administration of the kinin antagonist alone also lowered
papillary blood flow by 20% without altering outer cortical
blood flow. These observations indicate that kinins exert a
vasodilatory influence on the papillary circulation. It is not
known, however, how the kallikrein-kinin system regulates
medullary hemodynamics under physiological conditions be-
cause over 90% of the renal kallikrein is found in the cortex,
with very little kallikrein in the medulla and papilla [74].
Adenosine
The concept that tissue blood flow is regulated by the action
of local metabolites was expressed in 1878 by Gaskell [751.
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Adenosine, a metabolite of ATP, has been shown to participate
in the regulation of blood flow in various vascular beds, and
postulated to be a metabolic mediator altering local vascular
resistance. Significant levels of adenosine have been detected in
renal tissue, reported to be on the order of 7.6 flM/g in the dog
kidney [761. Since adenosine is a locally formed metabolite, the
metabolic hypothesis has been advanced proposing that aden-
osine acts as a mediator in the regulation of organ blood flow,
and participates in reactive hyperemia after relief of tissue
ischemia [77, 78]. The demonstration of adenosine receptors in
the rat renal papilla possessing characteristics similar to those
in the brain microvessels [791 has prompted a recent study to
examine the effects of adenosine on papillary vasa recta blood
flow in the rat. Both DVR and AVR blood flow (determined by
fluorescence videomicroscopy) were increased by a higher dose
(15 gImin) of adenosine infused intrarenally, but not affected
by lower doses (2 and 6 tgImin), although diuresis and natri-
uresis occurred at all doses in a dose dependent fashion [80]. In
this study, however, renal plasma flow and GFR were not
altered, contrasting to the decrease in both uniformly reported
in several dog studies [81, 82].
In postischemic acute renal failure, capillary congestion in
the inner strip of outer medulla [831 and local formation of
adenosine [76, 84] have been observed. In a recent study the
effect of 45 minutes of renal artery occlusion on inner medullary
circulation was examined by fluorescence videomicroscopy
[85]. After release of the occlusion, blood flow in DVR and
AVR was rapidly restored and rose above normal 90 minutes
and 24 hours later, even though total renal blood flow was
substantially decreased and renal vascular resistance increased.
It is yet to be determined whether this postischemic hyperemia
in the inner medulla is mediated by locally produced metabo-
lites including adenosine.
Vasopressin
The correlation between urinary concentration and medullary
perfusion was examined in 1964 by Thurau et a! [2]. Medullary
blood flow was estimated by the transit time of Evan's blue dye,
which is bound by plasma albumin and recorded photoelectri-
cally. An inverse relationship was observed between the transit
time of the dye and urinary concentration. The effect of
vasopressin on plasma flow entering the papilla was subse-
quently examined with the use of the albumin accumulation
method in Brattleboro rats. In rats with diabetes insipidus, PPF
was found to be significantly reduced after acute or chronic
administration of vasopressin, and to be inversely correlated
with urine concentration [86]. The action of vasopressin in
reducing papillary blood flow was later firmly established in a
study by Zimmerhacki, Robertson and Jamison [87], using the
videomicroscopy technique. Both DVR and AVR blood flow
were decreased by vasopressin in physiological concentrations,
and the effects were abolished with a V1-antagonist (vascular)
of vasopressin, indicating that the reduction of vasa recta flow
was caused by the vasoconstrictor effect of vasopressin. In a
separate study, vasopressin also diminished vasa recta flow
indirectly by its antidiuretic effect since the vasopressin-in-
duced reduction in flow could be attenuated by a V2-antagonist
(antidiuretic) [88]. In view of the ability of vasopressin to raise
medullary interstitial osmolality, it was reasoned that water
abstraction from DVR due to medullary hypertonicity would
reduce blood flow in these vessels. The amount of water that is
removed from the papillary tubular structures and returned to
AVR would also be diminished since the water reabsorbed from
the terminal portions of collecting duct is drastically reduced
during antidiuresis as compared with water diuresis [89]. This
effect was applied to explain the low AVR flow during antidi-
uresis (the V2 effect of vasopressin) [88].
Prostaglandins
The role of prostaglandins in the control of papillary blood
flow was first examined with the radiolabeled albumin method
[43, 90]. In rats, PPF decreased 30 to 45 minutes after a single
dose of indomethacin injected intraperitoneally, but rose above
the control value as the effect of indomethacin dissipated [90].
A study in which the 86Rb extraction method was used found no
significant changes in PPF after indomethacin administration in
hydropenic rats [91]. However, direct measurement of erythro-
cyte velocity in vasa recta demonstrated significant decreases in
both DVR and AVR after prostaglandin synthesis inhibition in
rats undergoing water diuresis or antidiuresis [92].
Since inhibition of prostaglandin synthesis was used to assess
the role of prostaglandins in modulating papillary hemodynam-
ics in most studies, there is little information available with
regard to the effects of specific prostaglandins on papillary
blood flow. PGD2 has been examined and found to cause a
persistent increase in urinary volume and sodium excretion and
a decrease in urinary osmolality that is not due to an increase in
total renal blood flow, but is associated with an increased PPF
[93].
Atrial natriuretic peptide (ANP)
Over two decades ago Earley and Friedler [94, 95] observed
that during acute saline loading marked diuresis and natriuresis
were closely linked to a sharp decrease in urinary concentration
and a disproportionately large increase in noncortical renal
plasma flow (measured by Diodrst extraction). These observa-
tions led to the hypothesis that increased medullary blood flow
could decrease sodium transport in the loop of Henle of
juxtamedullary glomeruli by reducing medullary interstitial
hypertonicity [95]. Several micropuncture studies have subse-
quently provided evidence supporting this hypothesis [96, 97].
It was also demonstrated that acute saline loading resulted in a
marked increase in PPF [43, 45] and vasa recta blood flow [39].
Since the discovery of ANP there have been many studies
designed to elucidate the mechanism of ANP-induced diuresis
and natriuresis. Although it has been established that the
release of ANP is enhanced during acute saline loading [98, 99],
consensus regarding the mechanism(s) for the natriuretic effect
has yet to be reached. The earlier observation that a natriuretic
atrial extract raises PPF (measured by the radiolabeled albumin
method) [100] has inspired further examination of the effect of
ANP on papillary hemodynamics. In a study in which the
videomicroscopic technique was employed, blood flow in both
DVR and AVR increased significantly after the administration
of ANP [101]. Since natriuresis and diuresis occurred within
two minutes after the infusion of ANP and preceded the
increase in papillary blood flow, it was proposed that the
increase in papillary blood flow was the result and not the cause
of diuresis and natriuresis. In another study, papillary blood
flow measured with a laser-Doppler flowmeter rose significantly
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within the first five minutes of infusion of atriopeptin III, but
still lagged slightly behind the onset of diuresis [52].
The issue of whether the increase in papillary blood flow
contributes to the diuresis and natriuresis produced by ANP
was recently examined by direct determination of hydraulic
pressure within the vascular and tubular structures in the
papilla [102]. Within 90 seconds of ANP infusion vasa recta
hydraulic pressure was markedly increased and exceeded the
pressure in loops of Henle and collecting ducts. Furthermore,
the increase in vasa recta pressure was not the consequence of
ANP-induced diuresis since administration of furosemide elic-
ited a similar degree of diuresis but with only a small increase in
vasa recta pressure [102]. Thus, it is likely that ANP-induced
changes in physical forces in vasa recta could take place
without an appreciable increase in papillary blood flow, and that
the large increase in vasa recta hydraulic pressure may prevent
the fluid reabsorbed from the papillary tubular elements from
returning to AVR.
The renin-angiotensin system
In virtually all animal models of chronic sodium retention the
renin-angiotensin system is activated and appears to participate
in the sodium retention. One of the best studied models of
chronic sodium retention is the dog with low cardiac output due
to chronic constriction of the thoracic inferior vena cava (caval
dog). Although the mechanisms of sodium retention in this
model are yet to be fully delineated, both clearance and
micropuncture studies have identified the loop of Henle as the
major site of sodium retention [103, 104]. In addition, increasing
renal perfusion pressure in association with renal vasodilation
in caval dogs leads to a marked inhibition of sodium reabsorp-
tion in the ioop of Henle, resulting in profound diuresis and
natriuresis [104, 105]. These data have been compelling in
calling attention to the possible importance of the medullary
circulation in this sodium retaining model.
Before examining the available data with regard to the
medullary circulation in caval dogs, it is necessary to appreciate
that dynamic physiological adjustments frequently alter sodium
balance in this model so that two stages can be distinguished: a)
the stage of avid sodium retention with generation of ascites and
edema associated with activation of the renin-angiotensin sys-
tem (type 1 caval dog); and b) the return to normal sodium
balance with normal plasma renin activity (PRA) but mainte-
nance of ascites and edema (type 2 caval dog) [45, 106]. PPF,
determined by the albumin accumulation method, is markedly
reduced in the type 1 caval dog both during hydropenia and
after saline loading, accompanied by increased papillary tissue
solute and sodium content [45]. In contrast, in type 2 caval dogs
both sodium excretion and PPF are similar to that in normal
dogs during hydropenia and are normally increased in response
to saline loading.
As in low cardiac output states, sodium retention is accom-
panied by activation of the renin-angiotensin system in the high
cardiac output state produced by a large systemic arteriovenous
fistula [107]. In dogs with an aortocaval fistula, avid sodium
retention is associated with strikingly reduced PPF and in-
creased papillary urea and sodium content as in type 1 caval
dogs [108]. Although acute saline loading augments cardiac
output similarly in normal and fistula dogs, diuresis and natri-
uresis are greatly attenuated in fistula dogs and papillary tissue
Table 2. Alteration of the renin-angiotensin system, PPF, and
papillary tissue solute content
Condition PRA PPF PTSC
Chronic caval, sodium Increase Decrease Increase
retention
Chronic sodium depletion Increase Decrease Increase
Euvolemic diuresis, Increase Decrease *
furosemide
Euvolemic diuresis, Increase Decrease
ethacrynic acid
Aortocaval fistula Increase Decrease Increase
Chronic caval, normal sodium Normal Normal Normal
balance
Euvolemic diuresis, Normal Normal
chlorothiazide
Saline loading Decrease Increase Decrease
Abbreviations are: PRA, plasma renin activity; PPF, papillary plasma
flow; PTSC, papillary tissue solute content. * Dissipation of PTSC due
to inhibition of NaCI transport in the ascending limb of Henle's loop by
the loop diuretic.
solute content is well preserved in association with little in-
crease in PPF. A similar relationship between stimulation of the
renin-angiotensin system, and a marked reduction in PPF with
increased papillary tissue solute content has also been observed
in dogs with chronic sodium depletion [26].
Because the reduced PPF observed in these salt-retaining
states is associated with marked increases in PRA, the possi-
bility that All may be involved in suppressing PPF has been
further investigated by employing various diuretics with con-
trasting effects on renal blood flow and the renin-angiotensin
system; furosemide and ethacrynic acid stimulate renal renin
release, whereas chiorothiazide has no significant effect on
renin release [109]. During euvolemic diuresis furosemide and
ethacrynic acid produce a marked decrease in PPF despite a
significant rise in renal blood flow, whereas chiorothiazide does
not alter PPF despite a significant fall in renal blood flow [110].
Furthermore, the decrease in PPF with furosemide is prevented
by saralasin, a specific All inhibitor, providing strong evidence
for a role of All in reducing PPF. Finally, because of the
contrasting effects on total renal blood flow and PPF, it is
apparent that the medullary circulation may be independently
regulated.
Table 2 and Figure 1 summarize the relationship between
PRA and PPF and changes in papillary tissue osmolality follow-
ing various physiological and pharmacological perturbations of
the renin-angiotensin system. It is clear that activation of the
renin-angiotensin system is inversely correlated with PPF sug-
gesting that All reduces PPF, possibly contributing to conser-
vation of urinary concentration and the blunted natriuretic
response to acute saline loading in sodium-retaining states.
These predictions have been further tested by experiments in
which All was infused directly into one kidney in normal dogs
at a dose not affecting GFR and renal blood flow. Indeed,
intrarenal All infusion induces ipsilateral sodium retention,
conservation of urinary concentration and papillary ischemia;
furthermore, these changes were completely reversed with
saralasin [111].
In this latter study PPF was markedly reduced by All at a
dose not affecting total renal blood flow. As noted above, loop
diuretics are associated with a decrease in PPF despite a
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Fig. 1. Plasma renin activity (PRA) and PPF (papillary plasma flow) in
dogs subjected to various physiological and pharmacological pertur-
bations [data rearranged from ref. 26, 45, 108, 1101. Values are means
SE. Abbreviations are: SL, saline loading; CTZ, chiorothiazide; N,
normal; C2, chronic caval dogs with normal sodium balance; F,
furosemide; EA, ethacrynic acid; ACF, aortocaval fistula; SD, chronic
sodium depletion; C1, chronic caval dogs with sodium retention.
significant increase in total renal blood flow. These findings
suggest that inner medullary blood flow is regulated indepen-
dent of total renal blood flow. The exact site(s) of All-induced
reduction in PPF is not known, but may occur at the pre- or
postglomerular vessels of juxtamedullary nephrons [1121 since
these vessels may be more reactive to All than their counter-
parts in the superficial cortex [113—116]. Specific All receptors
have recently been demonstrated in the rabbit preglomerular
vessels, displaying a high binding affinity capable of responding
to physiological levels of the hormone [117]. The concept of
functional heterogeneity of the microvasculature, which may
contribute to the regional regulation of the medullary circula-
tion, is further supported by the experiments of Edwards [116]
in the isolated rabbit microvascular preparation. He has dem-
onstrated that efferent arterioles are close to three orders of
magnitude more sensitive to All than afferent vessels; the
concentration of All required to elicit 50% of the maximal
vasoconstrictor response in the efferent arteriole averages 2.2 x
10—10 M, whereas the afferent arteriole needs 1.2 x l0— M of
All for the same response.
The microvessels of the deep nephrons may differ widely
from those in the superficial nephrons in their ability to synthe-
size prostaglandins in response to All. In the isolated canine
microvascular preparation, All stimulates PGI2 from the af-
ferent arterioles of the superficial but not the juxtamedullary
nephrons [118]. It is possible that the PGI2 produced may act to
modulate the effect of All on the superficial arterioles. On the
other hand, All may be permitted to exert its full vasoconstric-
tor effect on the juxtamedullary vessels because prostanoid
synthesis in response to All is absent.
The regulation of papillary circulation by the renin-angio-
tensin system has been systematically investigated with the
radiolabeled albumin accumulation method primarily because it
is a noninvasive technique, suitable for examining PPF during a
variety of physiological, pharmacologic and pathophysiological
perturbations even in the presence of ascites [26, 45, 108, 110,
1111. The bulk of the information obtained from this series of
experiments has begun to unravel the significance of bounteous
All receptors discovered in the vasa recta bundles and of
angiotensin messenger RNA (mRNA) expressed in the outer
medulla. Using the autoradiographic method, Mendelsohn et al
[119] have demonstrated in the rat vasa recta bundles saturable,
high-affinity All receptors which display down-regulation in
response to chronic sodium depletion. Recently, Fried and
Simpson [120] observed prominent expression of angiotensino-
gen mRNA in the outer medulla of the rat. Ingelfinger et al [1211
further demonstrated that this angiotensinogen gene expression
is amplified after chronic sodium depletion. It is thus apparent
that within the medulla a whole array of components are
present locally [122, 123] for the renin-angiotensin system to
execute on-site regulation of blood flow.
The question as to whether All exerts a physiological vaso-
constrictor effect on the medullary circulation has been exam-
ined in normal rats by All blockade with pharmacological
agents. Chronic administration of Captopril, an angiotensin I
converting enzyme inhibitor, dramatically increases PPF (mea-
sured by the albumin accumulation method) in hydrated rats
[124]. Recent studies with the use of the video recording
technique have also demonstrated that acute administration of
Captopril or saralasin in the rat markedly increases vasa recta
blood flow in the exposed papilla despite a decrease in blood
pressure [125, 1261. The physiological influence of All on the
papillary circulation was further investigated in normal rats in
which All inhibition was carried out after kinin receptors were
blocked. Although outer cortical blood flow was not changed
when blockade of the All system (with enalaprilat or saralasin)
was superimposed on kinin inhibition, papillary blood flow
(determined by the laser-Doppler flowmeter) increased signifi-
cantly [73]. These studies suggest that the medullary vascula-
ture is normally under tonic control by All. The high reactivity
to All observed in the juxtamedullary vessels may be necessary
for the deep nephrons to maintain glomerular capillary pressure
at a level similar to that in the superficial nephrons [127], even
though afferent arterioles of the former confront a higher
pressure than their superficial counterparts.
Integration of hormones in the regulation of the medullary
circulation
As summarized, the regulation of medullary circulation is
under the influence of several intrarenal and extrarenal hor-
monal systems (Table 3). There is, however, little information
available on how renal autacoids interact among themselves or
with circulating hormones to regulate the medullary circulation.
In one study designed to examine the role of ANP in the
diuresis and natriuresis induced by elevation of renal perfusion
pressure, ANP increased papillary blood flow and potentiated
the pressure-diuretic and natriuretic response [52]. In a recent
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Intrarenal systems
Renin-angiotensin system Decrease
Prostaglandinsa Increase
Renal nerves Decrease
Acetyicholine Increase
Adenosine Increase
Kallikrein-kinin system Increase
Extrarenal systemsb
Atrial natriuretic peptide Increase
Vasopressin Decrease
review on the natriuresis of mineralocorticoid escape, medul-
lary hemodynamic changes were invoked to explain the natri-
uresis. Suppression of the renin-angiotensin and adrenergic
nervous systems, enhanced renal prostaglandin synthesis, and
increased ANP release (factors that favor vasodilatation of the
inner medulla) were suggested to account for the natriuresis of
the escape phenomenon [128]. In this view, renal autocoids
exert their effects on the papillary circulation in concert with
ANP, a circulating hormone released by volume expansion.
Integration of medullary hemodynamics with medullary tonicity
Medullary tonicity is governed by a process involving solute
transport out of the ascending limb of Henle's ioop, water
abstraction from the descending limb and collecting duct, and
return of solutes and water into vasa recta. How medullary
blood flow alters the axial medullary concentration gradient has
been a subject extensively analyzed by several mathematical
models [3—6]. Based on the concept of generalized steady-state
mass balance, alterations in medullary blood flow affect med-
ullary tonicity as explicitly expressed in the central core model
of Stephenson [4]. In this theoretical model a dimensionless
expression for the medullary tonicity (r) is the ratio of the
osmolality at the papillary tip to that of plasma:
l-ft.(l -fi).(1 -fit)
where ft is the fractional solute reabsorption by the ascending
limb of Henle's loop out of the total sum of solute delivered to
this nephron segment, fw is solute dissipation due to medullary
blood flow, and fu is the fraction of the total fluid volume in the
descending limb and collecting tubule at the papillary tip which
is excreted as urine. Direct confirmation of this hypothesis is
lacking, but some of the data cited above are in agreement with
Stephenson's predictions. In chronic salt-retaining dogs (such
as chronic caval dogs, dogs with sodium depletion and aorto-
caval fistula dogs), sodium transport out of the loop of Henle is
enhanced [104, 129, 130] (for example, ft = 0.85), so that a
reduction in PPF (fw) could have a most profound effect in
augmenting medullary tonicity (Fig. 2). Under the circum-
stances in which loop of Henle NaCI transport is abolished
(such as, ft = 0.1), alterations in vasa recta blood flow would
become unimportant in modulating the papillary solute concen-
tration profile. Specifically, dissipation of papillary tonicity
following the administration of loop diuretics (furosemide and
ethacrynic acid) occurs in the presence of a markedly reduced
PPF. Although All blockade with saralasin prevents the de-
crease in PPF induced by furosemide, papillary osmolality
remains dissipated, similar to dogs given furosemide alone
[110].
Under physiological conditions, an additional intrarenal
mechanism may be required to stabilize medullary tonicity.
Moore [1311 has proposed that tubuloglomerular feedback may
be an important mechanism in stabilizing the urinary concen-
trating operation since this regulatory mechanism is capable of
monitoring and regulating the NaCI concentration of the fluid in
the medullary ascending limb as it passes the macula densa
[114, 132]. Tubuloglomerular feedback has not only been dem-
onstrated injuxtamedullary nephrons, but it appears to operate
more efficiently here than in superficial nephrons [1141. It
remains to be established whether tubuloglomerular feedback
influences medullary blood flow by modulating arteriolar resis-
tance in the process of controlling GFR.
Table 3. Hormonal control of the medullary circulation
Papillary blood
or plasma flow
a Inferred from results obtained after inhibition of prostaglandin
synthesisb In response to changes in extracellular fluid volume or osmolality
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Fig. 2. Alterations in medullary tonicity ratio (r) resulting from
changes in solute washout due to medullary blood flow (tie) at two
different levels offractional NaG! transport out of the ascending limb of
Henle's loop (ft).
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Medullary hemodynamics and papillary sodium and water
transport
DVR DLH ALH AVR CD
As mentioned above, the medullary washout hypothesis has
been advanced to propose that increased medullary blood flow
could decrease sodium transport in the ioops of Henle of
juxtamedullary nephrons by reducing medullary interstitial hy-
pertonicity. This hypothesis was separately tested by studies in
which PPF was measured and correlated with natriuresis, and
by micropuncture studies of the papilla. In one study, various
renal vasodilators, including secretin, acetylcholine and brady-
kinin, were administered to raise renal blood flow to similar
levels; only bradykinin and acetylcholine, two vasodilators that
also increased PPF, caused a marked decrease in urinary
osmolality and significant natriuresis [66, 67]. After saline
loading, in which PPF increases and medullary washout occurs
[44, 45], the loop of Henle of juxtamedullary nephrons reab-
sorbs less sodium than the same segment of superficial neph-
rons [96, 97]. Under the condition of water diuresis and
sustained medullary solute washout, the reduced sodium reab-
sorption caused by saline loading takes place at a site beyond
the proximal tubule of juxtamedullary nephrons; the thin as-
cending limb of the loop of Henle is thought to be the site
because the gradient for passive sodium reabsorption across
this nephron segment was virtually abolished by water diuresis.
In sodium retaining states, the observed relationship of
sodium retention to low PPF and high papillary tissue osmolal-
ity raises the possibility that increased papillary tonicity may
contribute to salt and water retention [26, 45, 108, 111]. At
present there are no experimental data directly addressing this
issue, yet the data available on solute and fluid exchange in vasa
recta provide a basis for the following proposal, schematically
demonstrated in Figure 3, which depicts the loop of Henle at the
papilla tip surrounded by vasa recta.
The micropuncture studies of Sanjana et al [32, 33] indicate
that fluid is abstracted from DVR of hydropenic kidneys despite
Starling forces apparently unfavorable for fluid efflux as oncotic
pressure in DVR exceeds hydraulic pressure. These investiga-
tors proposed that an additional driving force arises from the
concentration of nonprotein small solutes (mainly urea and salt)
in the medullary interstitium in excess of that in DVR plasma,
thus generating a gradient favoring fluid effiux out of DVR.
Specifically, the solute gradient across the DVR develops due
to the fact that the concentration of solutes in these vessels lags
behind that in the interstitium as blood flows from the corti-
comedullary junction to the papillary tip and encounters an
increasingly hypertonic interstitium. As a consequence, the
concentration of plasma proteins and small solutes rise progres-
sively. The solutes then move out of AVR, returning to the
interstitium and water moves into AVR as blood flows upstream
in these capillaries. The principles of nonequilibrium thermo-
dynamics require no net influx of water into AVR due to small
solute driving forces alone (unless the endothelium of descend-
ing vasa recta is less permeable to water than AVR). In
addition, mass-balance considerations require that plasma flow
in AVR surpasses that in DVR by a value equal to the rate of
fluid reabsorbed from Henle's descending limb and the collect-
ing duct, since no other escape route for water from the medulla
to the systemic circulation is known to exit. It follows that net
fluid entry into AVR is probably governed by the same combi-
Fig. 3. Water and NaG! transport in the tubular and vascular struc-
tures in the inner medulla. (1) fluid efflux from the descending vas
rectum (DVR), (2) water abstraction out of the descending limb of
Henle's loop (DLH), (3) NaCI transport out of the ascending limb of
Henle's loop (ALH), and (4) water and NaCI efflux from the collecting
duct (CD). The large open arrow indicates return of water and NaCI
transported from the above sources (1,2,3,4) into the ascending vas
rectum (AVR). This latter transport occurs as a result of the combined
hydraulic, osmotic and oncotic pressure in favor of passive movement
into AVR.
nation of transcapillary hydraulic and oncotic pressure differ-
ences which influence transcapillary fluid movement in the
renal cortex.
In the formulation of a hypothetical model to explain salt and
water retention associated with medullary hypertonicity, one of
the critical points is the rate of papillary blood flow, inasmuch
as it is linked to papillary tonicity. In the case of low PPF
maintaining high medullary interstitial tonicity, the increased
outward movement of water from DYR would augment the
build-up of plasma oncotic pressure. In AVR the expected
step-down in the capillary hydraulic pressure due to the greater
number and volume of AVR compared with DVR would lead to
wide transcapillary oncotic-hydraulic pressure gradients favor-
ing the net addition of salt and water into these capillaries.
An alternative view underscoring the importance of increased
renal interstitial pressure in mediating natriuresis has been
postulated by Knox and coworkers [133]. They proposed that
an increase in the hydrostatic pressure in vasa recta and in the
renal interstitium may decrease the hydrostatic pressure gradi-
ent across the wall of the descending limb, thereby decreasing
the passive abstraction of water in this segment. In mineralo-
corticoid-treated rats, natriuresis was observed in association
with increased hydrostatic pressure both in vasa recta and the
renal interstitium [134]. In addition, the natriuresis and diuresis
that attend acute elevation of renal arterial pressure or acetyl-
choline-induced vasodilation are associated with an increase in
renal interstitial hydrostatic pressure, possibly due to transmis-
sion of medullary blood pressure into the interstitium [135, 136].
As mentioned above, the ANP-induced natriuresis may be
partially explained by an increase in vasa recta hydrostatic
(0 
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pressure [52, 1021, which, in turn, may exert its natriuretic
effect by increasing interstitial pressure. It is conceivable that in
sodium retaining states, low PPF reduces renal interstitial
hydrostatic pressure and therefore facilitates salt and water
reabsorption by the loop of Henle; however, no measurements
of renal interstitial hydrostatic pressure have been made in
these states to validate this speculation.
It appears that the medullary interstitial concentration and
hydrostatic pressure are linked to the medullary circulation.
The salt and water reabsorbed by medullary tubular structures
ultimately return to AVR, which possess ordinary capillary wall
structures. The return of fluid to these capillaries is governed by
physical forces that favor their uptake. The role of the medul-
lary circulation in renal salt and water excretion can not be
delineated unless these forces in the vasa recta and interstitium
are determined. In this regard, it is not surprising to note that
washout of the medullary interstitium alone (such as in water
diuresis) is not sufficient to cause a natriuresis.
Summary
It is now becoming apparent that the medullary circulation in
the kidney can be regulated separately from overall renal blood
flow. This characteristic of the medullary circulation plays an
important role in the kidney's ability to excrete a dilute or
concentrated urine in concert with changes in water and sodium
transport in the distal nephron secondary to the action of
vasopressin, prostaglandins, the renal nerves, and other hor-
mones without significant other renal hemodynamic changes.
There is strong evidence that renal autocoids such as angio-
tensin II and prostaglandins uniquely affect regional blood flow
in the inner medulla because of the special structure and
organization of the microvasculature in this region. There is
also evidence that this regional blood flow is in part regulated by
circulating hormones, such as vasopressin and atrial natriuretic
peptide, which are released in response to changes in extracel-
lular fluid volume or osmolality. In addition, data are emerging
to suggest that the kallikrein-kinin system, acetylcholine, the
renal nerves and adenosine participate in this regulation.
In addition to the role of the medullary circulation in the
urinary concentrating operation, there are data to suggest that
the medullary circulation either directly (by changes in physical
forces) or indirectly (by regulating medullary toxicity) may
influence sodium excretion in a variety of conditions. In this
regard, activation of the renin-angiotensin system locally re-
duces blood flow in the papilla which may be necessary before
sodium retention is fully expressed in salt retaining states.
Future research looking at the microvasculature of the me-
dulla and papilla and those factors that control the contractility
of these vessels are necessary before a clearer picture emerges.
Nevertheless, from the data already available it seems reason-
able to suggest that the medullary circulation may be as
important to kidney function during physiological and patho-
physiological states as is the cortical circulation.
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